Reverse total shoulder arthroplasty (RSA) is a reliable treatment option for patients presenting with a deficient rotator cuff, severe arthritis, or failed prior shoulder prostheses.[@bib0025], [@bib0045], [@bib0055], [@bib0060], [@bib0100], [@bib0105], [@bib0145] Unfortunately, glenoid component loosening is a common mode of failure[@bib0055], [@bib0065], [@bib0075], [@bib0095], [@bib0120] and has been reported as the most common need for revision surgery in RSA.[@bib0075] Optimal screw positioning is important for long-term success of the prosthesis and to prevent glenoid component failure.[@bib0145]

Several studies have investigated the effects of screw placement on baseplate fixation while taking the morphology of the scapula into account.[@bib0045], [@bib0050], [@bib0060], [@bib0095], [@bib0100], [@bib0105], [@bib0145] These studies indicate that surgeons should attain maximum screw length, far cortical fixation, and screw placement in the best quality bone available when performing RSA.[@bib0035], [@bib0045], [@bib0050], [@bib0060], [@bib0100], [@bib0105], [@bib0145] To accomplish this, information on scapular morphology and bone quality is required; however, few studies targeting optimal screw placement have taken bone density into account.[@bib0060], [@bib0145]

Although numerous studies have aimed to characterize the osseous anatomy of the scapula, few have focused on quantitatively analyzing bone quality to suggest optimal screw placement in RSA.[@bib0020], [@bib0030], [@bib0060], [@bib0130], [@bib0180] There are 3 columns of bone extending from the glenoid base. These 3 structures include the scapular spine, lateral border, and base of the coracoid process.[@bib0060], [@bib0100], [@bib0115], [@bib0145] A study conducted by DiStefano et al[@bib0060] determined the areas of thickest cortical bone in the scapula were present in these columns, although only a comparatively small area in the base of the coracoid is thick. This led to the question of how internal bone density varies within the scapula and how this may lead to more optimal RSA screw placement.

The aim of this study was to quantify the relative anatomic distribution of trabecular bone density in regions of the scapula adjacent to the glenoid accessible to screw fixation in RSA surgery. We hypothesized that the 3 columns of trabecular bone within the scapula adjacent to the glenoid fossa would have similar average bone density and that the density within each region would be consistent throughout.

Materials and methods {#s0010}
=====================

Specimens and image acquisition {#s0015}
-------------------------------

Fresh frozen forequarters from 19 deceased donors (8 men, 9 women, 2 unknown), with a mean age of 70 years (range, 33-98 years), were thawed, and computed tomography (CT) scanned using a Lightspeed+ XCR 16-slice CT scanner (General Electric, Milwaukee, WI, USA). The entire scapula and humerus were scanned with a tube current of 120 kVP and 100 mA, and voxel size of (0.625 mm × 0.625 mm × 0.625 mm).

Image processing {#s0020}
----------------

Digital Imaging and Communications in Medicine (DICOM; National Electrical Manufacturers Association, Rosslyn, VA, USA) image files of the CT-scanned scapulae were imported into Mimics 17.0 software (Materialise Software, Leuven, Belgium) for segmentation and 3-dimensional (3D) digital model generation. Segmentation was used to generate 3D tessellated surface mesh models and masks of the scapulae containing 3D voxel locations and corresponding Hounsfield units (HU). To facilitate comparison, all left scapulae were mathematically converted to right scapulae.[@bib0185]

The trabecular and cortical bone of the scanned scapulae were isolated from other tissues, and the scapulae segmentation masks were filled to ensure all material was accounted for when the 3D digital models were created. To increase model fidelity, the segmented specimen masks and 3D models were visually inspected for any discontinuities and were further segmented until proper anatomic representation of the specimens was achieved.

We defined a previously established anatomic coordinate system to facilitate comparison across specimens.[@bib0175] Briefly, the coordinate frame was defined by a computer-assisted designed quadripod aligned manually to points on the supraglenoid and infraglenoid tubercles, and the trigonum spinae. The Y axis (superior-inferior) was defined by the line connecting the supraglenoid and infraglenoid tubercles, and the Z axis (medial-lateral) was defined by the line connecting the trigonum spinae to the center of the glenoid. The X axis (anterior-posterior) was defined as the axis orthogonal to the Y-Z plane. The coordinate system was then used to align the 3D surface models and corresponding voxels ([Fig. 1](#f0010){ref-type="fig"}).Figure 1Quadripod oriented with respect to the supraglenoid (*A*) and infraglenoid (*B*) tubercles and the trigonum spinae (*C*) of a model scapula in Mimics software (Materialise Software, Leuven, Belgium). The 3 points on the quadripod define the origin of the coordinate system (near the middle of the glenoid surface), a point along the X axis (anterior to posterior) and a point along the Y axis (superior to inferior). The Z axis passes medial to lateral through the trigonum spinae.Figure 1

Regions of interest (ROIs) within each scapula were defined and extracted for comparative analysis of the trabecular bone. The volumetric ROIs were determined based on potential RSA glenoid baseplate screw positioning. These included the base of the coracoid inferior to the suprascapular notch, the base of the coracoid lateral to the suprascapular notch, an anterior and posterior portion of the scapular spine, an anterosuperior portion of the lateral border, and an inferior portion of the lateral border. The ROIs were determined visually on the surface mesh model of each scapula displayed in MATLAB (MathWorks, Natick, MA, USA). The ROIs were bounded by X, Y, and Z coordinates, and the corresponding voxels were extracted from the segmentation masks as per defined standard protocol ([Table I](#t0010){ref-type="table"}) and subsequently registered to the surface model to check for accuracy ([Figure 2](#f0015){ref-type="fig"}, [Figure 3](#f0020){ref-type="fig"}, [Figure 4](#f0025){ref-type="fig"}, [Figure 5](#f0030){ref-type="fig"}, [Figure 6](#f0035){ref-type="fig"}, [Figure 7](#f0040){ref-type="fig"}).Table IProtocol for determining regions of interest in the scapula based on global coordinate system spaceTable IRegionMin X (mm)Max X (mm)Min Y (mm)Max Y (mm)Min Z (mm)Max Z (MM)Coracoid Inferior\~1Between the lateral edges of suprascapular notch and edge of glenoid.\~ 1Inferior margin of suprascapular notch.Medial edge of suprascapular notch.Lateral border of the neck of the glenoid (\~−12). Superior\~3Anterior border of glenoid.Coracoid inferior Max Y −5 mm.Coracoid inferior Max Y +10 mm.Between the lateral and inferior border of the suprascapular notch.Lateral border of the neck of the glenoid (\~−12).Spine AnteriorPoint where the inferior margin of the spine extends from the body.+4 of origin.Point where the inferior margin of the spine extends from the body.Base of the supraspinous fossa.−40Medial border of the neck of the glenoid at the glenoacromial notch. PosteriorJust posterior of the posterior border of the glenoid.Point where the inferior margin of the spine extends from the body.Point where the inferior margin of the spine extends from the body.Superior most y-point of the spine at Min X.−40Middle of the posterior border of the glenoacromial notch.Lateral border Anterosuperior\~ −4Anterior most point of the lateral border in the area of the infraglenoid tubercle.\~ −10 from the infraglenoid tubercle.\~ +5 from the infraglenoid tubercle.Where the lateral border ends and subscapular fossa begins on the Min Y axis.Lateral border of the neck of the glenoid (\~−10). InferiorPosterior most margin of the lateral border.Anterior margin of the lateral border on the Min Y axis.16 mm inferior to Max Y (\~−25 mm).Inferior most margin of the glenoid.Where the lateral border ends and subscapular fossa begins on the Min Y axis.Lateral border of the neck of the glenoid (\~−10).Figure 2Regions of interest (*red areas*) in the inferior coracoid region inferior to the suprascapular notch, as shown in the (**Left**) sagittal plane and (**Right**) coronal plane. The 3 *red dots* represent the P1, P2, and P3 coordinate points from the assigned quadripod.Figure 2Figure 3Regions of interest (*red areas*) in the superior coracoid region lateral to the suprascapular notch, as shown in the (**Left**) sagittal plane and (**Right**) coronal plane. The 3 *red dots* represent the P1, P2, P3 coordinate points from the assigned quadripod.Figure 3Figure 4Regions of interest (*red areas*) in the anterior spine region, as shown in the (**Left**) sagittal plane and (**Right**) coronal plane. The 3 *red dots* represent the P1, P2, and P3 coordinate points from the assigned quadripod.Figure 4Figure 5Regions of interest (*red areas*) in the posterior spine region, as shown in the (**Left**) sagittal plane and (**Right**) coronal plane. The 3 *red dots* represent the P1, P2, and P3 coordinate points from the assigned quadripod.Figure 5Figure 6Regions of interest (*red areas*) in the anterosuperior lateral border region, as shown in the (**Left**) sagittal plane and (**Right**) coronal plane. The 3 *red dots* represent the P1, P2, and P3 coordinate points from the assigned quadripod.Figure 6Figure 7Regions of interest (*red areas*) in the inferior lateral border region, as shown in the (**Left**) sagittal plane and (**Right**) coronal plane. The 3 *red dots* represent the P1, P2, and P3 coordinate points from the assigned quadripod.Figure 7

Outcome measures {#s0025}
----------------

HU values in the scapula and their associated voxels were filtered to remove any cortical bone: all voxels with a HU value of 0 to 650 were kept, whereas all other HU values in the file were removed from the pool of data. HU values of 650 were chosen as the upper bound because studies have shown this number defines the corticocancellous interface in CT image data.[@bib0010], [@bib0070], [@bib0150]

Statistical analyses {#s0030}
--------------------

One-way analyses of variance with post hoc Bonferroni tests were used to compare the mean HU values within and between the 3 columns of the scapula. Specifically, inter-regions comparisons included the mean HU values of the coracoid ROIs, scapular spine ROIs, and lateral border ROIs. Intraregion comparisons included the anterior spine compared with the posterior portion of the scapular spine, the anterosuperior portion of the lateral border compared with the inferior portion of the lateral border, and the base of the coracoid inferior to the suprascapular notch compared with the base of the coracoid lateral to the suprascapular notch. An α value of \<0.05 was considered statistically significant.

Results {#s0035}
=======

Across specimens, the mean HU values of the ROI in the scapula ranged from 238.1 ± 48.0 HU to 335.2 ± 29.6 HU ([Table II](#t0015){ref-type="table"}, [Fig. 8](#f0045){ref-type="fig"}). There were statistically significant inter-region differences between the mean HU values in the regions of interest (*P* \< .001, [Table III](#t0020){ref-type="table"}); however, there were no significant intra-region differences in trabecular bone density distribution within regions of the coracoid (*P* = .99), the lateral border (*P* = .99), or the spine (*P* = .90).Table IIHounsfield unit values for regions of interest analyzed in 19 cadaveric scapulaeTable IIRegionHounsfield unitsMean ± SDMinimumMaximumCoracoid Superior238.1 ± 48.0191.6364.5 Inferior255.8 ± 31.2207.9332.4Lateral border Anterosuperior300.8 ± 37.9243.8378.0 Inferior320.0 ± 40.0261.7412.9Spine Anterior312.4 ± 32.2268.6396.9 Posterior335.2 ± 29.6280.7400.3[^1]Figure 8Box--and-whisker plots of the mean Hounsfield unit values for each region of interest in the scapula. The *blue boxes* represent areas of the base of the coracoid, *red* indicates regions of the lateral border, and *orange* designates regions of the scapular spine. The *horizontal line* in the middle of each box indicates the median, the *top and bottom borders* of the box mark the 75th and 25th percentiles, respectively, and the *whiskers* mark the 90th and 10th percentiles. \**P* \< .05 indicating a significant difference in mean Hounsfield unit values, wherein the base of the coracoid is less dense than all other regions of interest.Figure 8Table III*P* values from the inter- and intraregion mean Hounsfield unit comparisons of all regions of interest obtained from 19 cadaveric scapulae[\*](#tn0010){ref-type="table-fn"}Table IIIROICoracoidLateral borderSpineSuperiorInferiorAnterosuperiorInferiorAnteriorPosterior*P* value*P* value*P* value*P* value*P* value*P* valueCoracoid Superior---.99\<.001\<.001\<.001\<.001 Inferior.99---.004\<.001\<.001\<.001Lateral border Anterosuperior\<.001.004---.99.99.07 Inferior\<.001\<.001.99---.99.99Spine Anterior\<.001\<.001.99.99---.90 Posterior\<.001\<.001.07.99.90---[^2][^3]

We found that regions of the coracoid were significantly less dense than all other ROIs. The superior coracoid was significantly less dense than the inferior and anterosuperior lateral border (−25.6% \[*P* \< .001\] and −20.8% \[*P* \< .001\]), as well as the posterior and anterior scapular spine (−29% \[*P* \< .001\] and −23.8% \[*P* \< .001\]). The inferior coracoid was also significantly less dense than the inferior and anterosuperior lateral border (−20.1% \[*P* \< .001\] and −15% \[*P* = .004\]), as well as the posterior and anterior scapular spine (−23.7% \[*P* \< .001\] and −18.1% \[*P* \< .001\]). The inferior lateral border was no denser than both areas of the spine (*P* = .99), whereas the anterosuperior lateral border density was not significantly different than the posterior spine (*P* = .07) or the anterior spine (*P* = .99). There was no significant difference between the spine and lateral border (*P* = .99).

Discussion {#s0040}
==========

Although we hypothesized that there were 3 columns of similarly dense trabecular bone extending from the glenoid in the scapula, our results indicate that the lateral border and spine of the scapula contain denser bone than in the base of the coracoid process. ROIs of the base of the coracoid were 15% to 25% less dense than ROIs in the lateral border and 18% to 29% less dense compared with ROIs in the spine. As hypothesized, differences in trabecular bone density within the anatomic structures analyzed were not significant.

To our knowledge, these results constitute a new finding because no previous study has quantitatively defined the trabecular bone density in the scapula beyond the glenoid vault. However, a previous study quantitatively determined that relatively thick cortical bone accessible to RSA is most prevalent in the same regions that correspond to the dense trabecular bone determined in this study: the lateral border and lateral aspect of the spine have thick bone, whereas only a comparatively small area in the base of the coracoid has thick cortical bone.[@bib0060] Because bone architecture responds to mechanical loading,[@bib0040], [@bib0160] the greater mechanical forces and stresses experienced during humeral abduction and anteflexion by the spine and lateral border relative to the coracoid process could be an explanation for the spatial distribution of bone density in the scapula.[@bib0080], [@bib0125], [@bib0165]

Our results should be interpreted in the context of several limitations. Our results were obtained from fresh-frozen thawed cadaveric specimens with no clear evidence of osteoarthritis. Although literature indicates that freeze-thaw cycles of fresh, untreated tissues do not alter trabecular bone mechanical properties,[@bib0085], [@bib0110], [@bib0135] more studies, including preoperative imaging from RSA patients would be needed to validate the bone density distribution in these patients, who often present with advanced osteoarthritis. The second part of this study aims to alleviate this and will be conducted using the methods reported and validated here to quantify the bone density distribution in the scapulae of patients selected for RSA.

Furthermore, although our study established the trabecular bone density distribution in the scapula, no biomechanical testing was done in the scapula to determine whether these distributions correlate with screw pullout strength or the integrity of baseplate fixation. However, the literature is clear: the anchorage strength of screws increases with greater trabecular bone density, regardless of bicortical, unicortical, or cancellous only fixation.[@bib0015], [@bib0140], [@bib0170] Indeed, previous studies have determined that load to failure is less when the glenoid component is fixed to material of lesser density,[@bib0045] and micromotion of the baseplate increases as the stiffness of the surrounding bone in which the screws are implanted decreases.[@bib0095] Further biomechanical testing would have to be undertaken to verify the real-world application of this study\'s results.

Our approach has several potential clinical applications. The results from the intraregion comparisons indicate differences in densities between the subregions of anatomic structures in the scapula are not significant. The results of the intraregion comparisons indicate that screws aimed at the spine, lateral border, or coracoid process may not find greater trabecular bone purchase in a specific area of the respective anatomic landmark. Thus, based solely on trabecular bone density affecting screw fixation, there is increased flexibility available to the surgeon when inserting variable angle screws in each location.

The results from the inter-region comparisons suggest that the base of the coracoid is up to 29% less dense than other areas of the scapula adjacent to the glenoid, which could have meaningful clinical applications useful for optimizing glenoid baseplate design in RSA. Notably, studies have shown that screw pullout strength decreases significantly with decreased bone mineral density[@bib0090], [@bib0155]; therefore, greater care should be taken to ensure a screw inserted in the base of the coracoid has the best mechanical advantage possible.

DiStefano et al[@bib0060] noted that, provided placement of other screws is not compromised, the optimal screw purchase occurs at the thickest and best cortical bone in the base of the coracoid, mainly in the inferior and slightly lateral margin of the suprascapular notch. Surgeons must therefore carefully plan the trajectory of the screw into the base of the coracoid, because there is only a small area of thick cortical bone available for screw fixation compared with the larger areas of thick cortical bone in the lateral border and spine.

Regardless, optimal screw placement is usually defined by achieving maximum screw length, far cortical fixation, and attaining screw purchase in good bone stock, defined as the densest bone possible of appropriate thickness.[@bib0045], [@bib0050], [@bib0060], [@bib0095], [@bib0100], [@bib0105], [@bib0145] Because load to failure is less when the glenoid component is fixed to material of lesser density[@bib0045] and micromotion of the baseplate increases as the stiffness of the surrounding bone decreases,[@bib0095] surgeons are encouraged to implant screws in areas of the best bone stock where cortical fixation can also be achieved.[@bib0045], [@bib0060] Interestingly, current RSA implant designs use 4 screws that are anchored inferiorly in the lateral border, superiorly in the base of the coracoid, and anteriorly and posteriorly in the glenoid vault, but ignore the thick cortical and dense trabecular bone of the spine.

Some studies argue that the screws implanted in the glenoid are too short and anchored in bone of insufficient quality for screw fixation due to osteoarthritic deterioration and thus should not be relied on for having a major influence on baseplate fixation.[@bib0050], [@bib0105] This indicates that more efficient alternatives using long screws anchored in denser trabecular bone and thick cortical bone beyond the glenoid vault may provide optimal fixation and provides evidence for assessing the design of a baseplate geometry that emphasizes screw purchase in the lateral border and spine and carefully optimizes the trajectory of a screw implanted in the base of the coracoid.

Another potential baseplate design may use 3 screws instead of the traditional 4-screw geometry, which would minimize the loss of native bone stock and allow longer screws to be inserted into the areas of greatest trabecular bone density, and bicortically into the thickest cortical bone. The configuration of such a design has been explored in the past,[@bib0050], [@bib0100], [@bib0145] but no biomechanical testing has been done to date. Future steps to determine the optimal screw position in RSA should include biomechanical testing of new screw positions in the spine of the scapula, and optimal positioning of the screw in the coracoid, in both four screw and three screw baseplate configurations.

Conclusion {#s0045}
==========

In our sample, the lateral border and spine of the scapula appeared to have relatively denser trabecular bone compared with the base of the coracoid process, but there was no difference in overall bone density within these anatomic structures. The higher-quality bone in the spine and lateral border compared with the coracoid region may provide better bone purchase for screws when fixing the glenoid baseplate in RSA. The results of this research could guide future studies aimed at examining the insertion trajectories of screws and the design of the glenoid baseplate used in RSA to better integrate the anatomy of the scapula and improve implant survival.
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[^1]: *SD*, standard deviation.

[^2]: *ROI*, region of interest.

[^3]: A *P* value of \<0.05 was considered statistically significant.
